We study the unique characteristics of neutrino bursts from the black-hole-forming collapse of non-rotational massive stars, which is a definite branch among other core-collapse supernovae. We clarify that the neutrino signals from the failed supernovae are short and energetic, being different from the ordinary supernova neutrinos, by performing the numerical simulations of the general relativistic neutrino-radiation hydrodynamics with the neutrino reactions rates. Based on the calculated spectra of neutrino emission, we predict that the number of neutrino detection at the Super-Kamiokande is large enough to discuss the detailed differences of the neutrino signals using the sets of equation of state including hyperons and quarks. Therefore, the massive stellar collapse with the short neutrino burst is an important target of neutrino astronomy to probe the properties of dense matter.
Failed explosion from massive stars
The gravitational collapse of massive stars is the fate of the stellar evolution, which leads to the variety of explosive phenomena, the formation of compact objects and the neutrino burst [1, 2] . While the supernova explosion is the outcome of the collapse and bounce from the massive stars of ∼20M ⊙ , the fate of non-rotating massive stars of ∼40M ⊙ is the failed explosion since the progenitor is too massive. Since the iron core is too large, the propagation of shock wave is hindered by the intense accretion of material. Right after the core bounce, the nascent proto-neutron star at center becomes massive rapidly as the accretion proceeds. It soon collapses dynamically to the black hole when the mass reaches the critical mass. During the short evolution of the proto-neutron star from the birth to the re-collapse, a bunch of neutrinos is emitted from the accreting protoneutron star. The duration of neutrino emission is short since the emission is terminated when the black hole is formed.
We study the properties of such neutrino bursts from the black-hole-forming collapse of massive stars by performing the numerical simulations of the general relativistic neutrino-radiation hydrodynamics [3] . We examine systematically the unique characteristics of neutrino bursts by adopting the sets of the equation of state [4, 5, 6 ] and the progenitors [7] . We show that the duration of the neutrino bursts is short and it is sensitive to the softness of the equation of state. We explore the emergence of hyperons, pions and quarks in dense matter during the collapse and reveal the signature of the appearance of new degrees of freedom in the neutrino bursts. We further evaluate the number of neutrino detection at the Super-Kamiokande for a Galactic event [8] . We demonstrate that the neutrino burst from the failed supernovae is a new promising target of neutrino astronomy, which can identify the formation of black hole formation and probe the properties of dense matter [9] .
Neutrino-radiation hydrodynamics and EOS tables
We perform the numerical simulations of the gravitational collapse of non-rotating massive stars to follow the dynamics starting from the initial collapse, the core bounce, the matter accretion, the birth of a proto-neutron star and its subsequent evolution up to the black hole formation. The numerical simulations are performed by the numerical code to solve the general relativistic neutrino-radiation hydrodynamics [10] with the neutrino reactions rates [11] under the spherical symmetry. Since we solve the Boltzmann equation, we can evaluate the neutrino flux and energy spectrum in detail to predict the properties of neutrino emission.
We adopt the profile of iron core inside the massive stars of 40-50M ⊙ from the stellar evolutionary calculations as initial models. We present here a case of the 40M ⊙ star by Woosley and Weaver [12] . We studied the dependence of neutrino characteristics on the progenitors and found that the density profiles of the progenitors (depending on stellar mass, metallicity and evolutionary models) may affect the evolution [7, 13] .
In order to perform the numerical simulations of black-hole-forming collapse, the data set of equation of state (EOS) for extreme conditions is necessary. We utilize the tables of the equation of state based on the relativistic mean field theory with the extension to include hyperons, pions and quarks. The Shen-EOS is constructed by the relativistic mean field theory with the local density
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Neutrino burst from failed supernovae Kohsuke Sumiyoshi approximation [14, 15] . Recently, the extension of Shen-EOS has been made to include hyperons in addition to nucleons (Hyperon-EOS) [16] . In addition, the extension of Shen-EOS table to the quark degrees of freedom has been done within the MIT bag model (Quark-EOS) [17] . The counter part, within the nucleon degree of freedom, of the Shen-EOS is the Lattimer-Swesty EOS (LS-EOS) [18] , which is based on the extension of the compressible liquid drop model.
The maximum mass of cold neutron stars is 2.2M ⊙ for Shen-EOS whereas it is 1.8M ⊙ for LS-EOS with a choice of the incompressibility, K=180 MeV. When we compare Hyperon-EOS with Shen-EOS, the mixture of hyperon softens the EOS and it reduces the maximum mass down to 1.6M ⊙ . In the case of Quark-EOS, the maximum mass is 1.8M ⊙ for the case with the bag constant of B=250 MeV/fm 3 . This difference of the softness of EOS leads to the different time evolution of neutrino emission and is crucial to determine the duration of the neutrino burst. We compare here the properties of the neutrino bursts in the four cases with Shen-EOS, Hyperon-EOS, Quark-EOS and LS-EOS to see the influence of the EOS and the mixture of hyperons and quarks.
Properties of short neutrino bursts
We show in Fig. 1 the time evolution of the average energy (left) and luminosity (right) of neutrinos for the cases of Shen-EOS and LS-EOS. The average energies and luminosities for three flavors increase rapidly due to the temperature increase in the contracting proto-neutron stars. The neutrino bursts end up at 0.6 s and 1.3 s for LS-EOS and Shen-EOS cases, respectively, when the black hole formation occurs at the critical mass. Since the the critical mass of the accreting object is determined by the EOS, the duration of the neutrino burst reflects the softness of the EOS. Therefore, the neutrino burst from failed explosions can be a probe of the softness of dense matter.
We stress that the properties of the neutrino burst are different from those of the supernova neutrinos from ordinary explosions. While the supernova neutrinos last for ∼20 s from the quasihydrostatic proto-neutron star with the bright optical display of the supernova explosion, the neutrinos from the failed explosion last only for a short period until the black hole formation in the optically invisible event. The neutrinos from the failed supernovae are energetic with the increasing luminosities in the short period (∼1 s) in contrast to the exponential decay in the case of supernova neutrinos.
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Neutrino burst from failed supernovae Kohsuke Sumiyoshi We show in Fig. 2 the time evolution of the average energy of neutrinos for the case of Hyperon-EOS (left) and Quark-EOS (right). In the case of Hyperon-EOS, the re-collapse to the black hole occurs at 0.7 s and the neutrino burst stops earlier than the case of Shen-EOS [5] . This timing is determined by the emergence of hyperons since the appearance of hyperons softens the EOS. In the case of Quark-EOS, the neutrino burst lasts for 1.1 s, which is close to the case of Shen-EOS [6] . This is because the quarks appear only at the final stage of the shrinking evolution of the massive proto-neutron star. The emergence of a new degree of freedom in dense matter shortens the neutrino burst and, therefore, may be probed by the observation of neutrino bursts in the failed explosions. In order to identify the appearance of exotics, it is important to distinguish them from the case of soft nucleonic EOS. As demonstrated in [9] , the difference in the time evolution of neutrino energies can be used to discriminate the expected neutrino events between LS-EOS and Hyperon-EOS in spite of the similar short duration.
Observational predictions
Based on the numerical results of neutrino emission, we evaluate the number of neutrino detection at the Super-Kamiokande for a Galactic event by taking into account the neutrino oscillations [8] . We predict that the event number amounts to ∼ 10 4 and is comparable to the case of supernova explosions. By the statistical analysis, we found that one can discriminate the detailed differences of the neutrino signals using the sets of equation of state including hyperons [9] . We remark that the failed explosion can be popular as the ordinary supernovae in the estimate based on the population of massive stars [19] , the observation of faint supernovae [2] and a black hole [20] . The planned survey of disappearance of massive stars [19] is helpful to obtain the detailed information on the progenitor, which may affect the duration of neutrino signal through the accretion rate. The construction of large neutrino detectors [21, 22] may reveal the characteristics of neutrinos from the failed explosions inside the galaxies far away in future.
In summary, the massive stellar collapse with the short neutrino burst is an important astronomical target as a probe of the equation of state of the hot and dense matter. Having the systematic studies of the numerical simulations adopting the models of massive stars of 40−50M ⊙ with our development of the data tables of the equation of state with hyperons, pions and quarks based on
